ELSEVIER 


Jounal of f Archaeological Science 


journal homepage: EE ES E 


Journal of Archaeological Science 39 (2012) 2252-2260 


“Contents lists available at SelVerss ScienceDirect . 


SCIENCE 


The first direct evidence of pre-columbian sources of palygorskite for Maya Blue 


Dean E. Arnold*“*, Bruce F. Bohor ™!, Hector Neff‘, Gary M. Feinman į, Patrick Ryan Williams ¢, 
Laure Dussubieux “, Ronald Bishop € 


3 Department of Sociology and Anthropology, Wheaton College, Wheaton, IL 60187, USA 

t United States Geological Survey (Emeritus), PO. Box 25046, MS 939, Federal Center, Denver, CO 60855-0046, USA 

€ Department of Anthropology, California State University, 1250 Bellflower Blvd, Long Beach, CA 90840-1003, USA 
“Department of Anthropology, Field Museum of Natural History, 1400 Lake Shore Drive, Chicago, IL 60605-2496, USA 
© Department of Anthropology, Smithsonian Institution, PO. Box 37012, Washington, D.C. 20013-7012, USA 


ARTICLE INFO 


Article history: 

Received 28 October 2011 
Received in revised form 
23 February 2012 
Accepted 24 February 2012 


Keywords: 

Maya Blue 
Palygorskite 
Yucatán, Mexico 
Chemical analysis 
Volcanic ash 


ABSTRACT 


Maya Blue, a nano-structured clay—organic complex of palygorskite and indigo, was used predominantly 
before the Spanish Conquest. It has fascinated chemists, material scientists, archaeologists and art 
historians for decades because it is resistant to the effect of acids, alkalis, and other reagents, and its rich 
color has persisted for centuries in the harsh tropical climate of southern Mesoamerica. One of its 
components, palygorskite, is part of modern Maya indigenous knowledge, and ethnohistoric and 
archaeological data suggest that its modern sources were probably utilized in Prehispanic times. Yet no 
direct evidence verifies that palygorskite was actually mined from these sources to make Maya Blue. Here 
we characterize these sources compositionally, and compare our analyses to those of Maya Blue from 
Chichén Itza and Palenque. We demonstrate that the palygorskite in most of these samples came from 
modern mines, providing the first direct evidence for the use of these sources for making Maya Blue. 
These findings reveal that modern Maya indigenous knowledge about palygorskite, its mining, and its 


source locations, is at least seven centuries old. 


1. Introduction 


Maya Blue, an unusual pigment made of a combination of the 
clay mineral palygorskite and indigo, was used on pottery, murals, 
and sculpture, predominantly during the Classic and Post-classic 
periods in ancient Mesoamerica (Cabrera Garrido, 1969; Gettens, 
1955: 67, 1962; Haude, 1998; Kleber et al., 1967; Ortega, 2001; 
Reyes-Valerio, 1993:. 79—89; Sanchez del Rio et al, 2004; 
Tagle et al., 1990; Torres, 1988). A nano-structured clay—organic 
complex (Cabrera Garrido, 1969; Canaille et al., 2005; Fois et al., 
2003; Gettens, 1955, 1962; Giustetto et al., 2005; Hubbard et al., 
2003; José-Yacaman et al., 1996; José-Yacam4n and Sera Puce, 
1995; Kleber et al., 1967; Ortega, 2001), it is resistant to the effect 
of weak acids, alkalis, and other reagents (Gettens, 1955; Sanchez 
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del Río et al., 2006), retaining the richness of its color for centu- 
ries in the harsh tropical climate of southern Mesoamerica. 
Although palygorskite is part of the ethnomineralogy of the 
contemporary Maya, no direct evidence exists that demonstrates 
that the contemporary Maya sources of the mineral were used to 
create Maya Blue. In this paper, we present this evidence and show 
that the palygorskite in Maya Blue from Chichén Itzá and Palenque 
was drawn from modern sources in Sacalum, Yucatan and from Yo’ 
Sah Kab near Ticul. 


2. Background 
2.1. Brief history of Maya Blue research 


Up until the 1960s, the composition of Maya Blue was a mystery, 
and details of its production unknown. Then, palygorskite (then 
called attapulgite) was found in the pigment using Xray Diffraction 
({Gettens, 1962). That same year Shepard (1962) and Shepard and 
Gottlieb (1962) suggested that the pigment was a clay—organic 
complex, and indeed, five years later, the remaining component 
was identified as the organic colorant, indigo (Kleber et al., 1967). 
Since then, research on Maya Blue has focused on several interre- 
lated themes, and at least two authors have provided lengthy 
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summaries of the Maya Blue research from a chemical and molec- 
ular perspective (Doménech et al., 2011; Giustetto et al., 2011). 

One of these themes focused on the structure of palygorskite 
itself (Chiari et al., 2003; Fernández et al., 1999; Sanchez del 
Rio et al, 2009). Palygorskite is a fibrous mineral that is struc- 
tured with long parallel channels rather than sheets like most clay 
minerals, and this characteristic, along with that of sepiolite, 
appears to be critical for the chemical bonding of the indigo to 
produce Maya Blue’s striking color, its unusual chemical stability, 
and it persistence through time without fading (Chiari et al., 2008; 
Doménech et al., 2011; Fois et al., 2003; Giustetto et al., 2011). 

Consequently, some recent research has focused on the nature of 
the bonding between the palygorskite and the indigo using 
synthetic mixtures to ascertain the nature of the chemical bonding 
that gives the pigment its great stability in acids, the persistence of 
its color over time (Doménech et al., 2011; Fois et al., 2003; Giustetto 
et al., 2011; Hubbard et al., 2003; Sanchez del Río et al., 2006), and 
the factors that create this bond (Fois et al., 2003; Giustetto et al., 
2011). Most recently, surveys of the literature indicate that 
different bonding scenarios exist presumably depending on the 
preparation technique (Chiari et al., 2008; Doménech et al., 2011; 
Giustetto et al., 2011). 

Sepiolite, a clay mineral with structure similar to palygorskite, 
also occurs in some Maya Blue samples and research has focused on 
whether sepiolite can also form a chemically stable, acid resistant 
pigment with indigo (Doménech et al., 2011; Giustetto et al., 2011; 
Sanchez del Rio et al., 2006). Although it does bond with indigo, it is 
not as stable in acids or as persistent as a palygorskite-based Maya 
Blue. 

The production of Maya Blue has also received attention as 
scientists tried to understand how the ancient pigment was made 
(Cabrera Garrido, 1969; Torres, 1988; Reyes-Valerio, 1993). The first 
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breakthrough came in 1966 with a paper that showed that the 
pigment could be synthetically produced with low heat, generally no 
more than 150°C, with only a small amount of indigo (subsequently 
discovered to be about 2%) necessary to produce the rich color (Van 
Olphen, 1966). Since that time, researchers of Maya Blue have 
advanced several hypotheses as to how the pigment was produced 
(Torres, 1988; Cabrera Garrido, 1969; Reyes-Valerio, 1993). 
The discovery of indigo and palygorskite at the base of partially 
consumed copal incense in an incense burner recovered from the 
Sacred Cenote at Chichén Itza confirms that the heat from buming 
incense was a least one method to produce the pigment (Arnold 
et al., 2008). But, as the study of the structural chemistry of the 
pigment and its synthesized versions suggest, the methods of 
bonding and production have become more complicated. Now 
research indicates that the Maya used a variety of techniques to 
produce the pigment and these techniques varied in space and time 
(Doménech et al., 2009, 2011). 


2.2. Cultural context of Maya Blue 


Maya Blue was not just an unusual pigment, but it was a critical 
part of ancient Maya religion and ritual. It symbolized the rain god 
Chaak (Arnold et al, 2008; Tozzer, 1941, 1957: 195—196, 203; 
Vail and Hernandez, 2011) and was associated with other deities 
(such as Itzamná) and agriculture in one of the four surviving pre- 
Columbian Maya books, the Madrid Codex (Vail and Hernandez, 
2011). According to a 16th century Spanish priest, Fray Diego de 
Landa, human sacrifices at Chichén Itzá were painted blue before 
their beating hearts were ripped out (Tozzer, 1941: 117—119, 1957: 
107, 203). Placed on objects thrown into the Cenote of Sacrifice at 
Chichén Itzá (Fig. 1), the pigment “was painted over most, if not all, 
of the offerings” dredged from this sinkhole between 1904 and 
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Fig. 1. Map of the Yucatan Peninsula and adjacent area showing cities, towns and archaeological sites mentioned in the text. Yo’ Sah Kab has no modem population, but refers to the 
area where Ticul potters traditionally mined their temper. (Map modified by Michelle Arnold Paine from a map originally drawn by George Pierce, and reprinted by permission from 
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1910 (Coggins and Ladd, 1992: 353). Its use on such offerings was 
so frequent that some of the pigment washed off and sank to the 
bottom of the cenote, creating a 4-m layer of blue silt (Coggins, 
1992: 14; Tozzer, 1957: 192, Fig. 707). Maya Blue was also widely 
used at the Postclassic site of Mayapán (Fig. 1), where it occurred on 
pottery (Shepard and Gottlieb, 1962; Smith, 1971), on murals, and 
on the floors of temples. 


2.3. Palygorskite and its modern sources 


Up until the 1960s, palygorskite (then called attapulgite) was 
unknown in the Maya area. As a result of the triangulation of various 
ethnographic approaches and analyses by X-ray diffraction in the 
late 1960s, Arnold (1967a, 1967b) discovered that palygorskite 
(attapulgite) was part of the indigenous knowledge of contemporary 
Maya potters in the city of Ticul (Fig. 1) where they used it as the 
critical ingredient in their temper. The Yucatec Maya semantic cate- 
gory, sak lu'um, (literally ‘white earth’) corresponds to palygorskite, 
and continues to be part of the ethnomineralogical knowledge of Ticul 
potters (Arnold, 1967a, 1967b, 1971, 2008; Arnold and Bohor, 2009). 
Palygorskite is also part of the contemporary Maya ethnomedical 
knowledge and is used for medicinal purposes such as soothing 
stomach problems and diarrhea, treating mumps/goiter (papera, in 
Spanish), and as a poultice for severe bums (Arnold, 1967b). 

The current sources of sak lu'um in Yucatan are also part of Maya 
indigenous knowledge. The village of Sacalum (Fig. 1), whose name 
is a telling hispanicized transliteration of the Yucatec Maya 
expression, is one such source (Arnold, 1967a, 1967b, 1971; Arnold 
and Bohor, 1974, 1975). Sak fu’um is mined from a 1 m layer of 
palygorskite along the north wall of the cenote interior (Arnold and 
Bohor, 1974, 1975, 2009) from which miners had removed 307 m? of 
the mineral. It is also collected from a 6 cm layer that lies 1.5 m 
above the mine entrance and stretches across the cenote's north 
wall {Arnold and Bohor, 2009). Although Terminal Classic pottery 
(A. D. 800—1000) was found on the floor of the cenote, and 
ethnohistoric accounts suggest that the mine was used in the pre- 
Conquest period (Folan, 1969), no direct evidence exists to verify 
that Sacalum was an ancient source of palygorskite employed to 
produce of Maya Blue. 

The second major indigenous source of palygorskite consists of the 
area in which Ticul potters mined their temper (called Yo’ Sah Kab, 
{‘over sah kab']) between Ticul and the village of Chapab (Fig. 1, Arnold, 
1967a, 1967, 1971, 2008: 191—220; Arnold and Bohor, 2009). Located in 
the forest on both sides of the road beginning 3.3 km from the west 
edge of the Plaza of Guadalupe (Amold and Bohor, 2009; Arnold, 
2008: 191—220), potters excavated many shallow mines, tunneling 
into a layer of mixed palygorskite and marl that lies 1.0--2.5 m below 
the surface. Below this mixed layer lies a solid bed of palygorskite that 
is 0.5—1.0 m thick (Arnold and Bohor, 2009; Bohor, 1975). 

A Terminal Classic archaeological site was discovered at Yo’ Sah 
Kab in 1967, but was destroyed by mining between 1970 and 1984 
{Arnold, 2005). Nevertheless, the site’s position over the paly- 
gorskite deposit and the presence of a large hole through the 
surface rock into the marl/palygorskite underneath the site serve as 
evidence that the ancient Maya inhabitants deliberately placed 
their settlement directly above the deposit in order to extract 
pottery temper and palygorskite, perhaps used in the production of 
Maya Blue (Arnold, 2005). 

The characterization of unique sources of palygorskite is foun- 
dational to determining the sources of the mineral actually used 
by the ancient Maya to make Maya Blue. Between 1965 and 1997, 
Arnold and Bohor collected thirty-three samples of palygorskite 
from various parts of the Maya area. Instrumental Neutron 
Activation Analysis (INAA) and Laser-Abladed Inductively Coupled 
Plasma Mass Spectroscopy (LA-ICP-MS) analyses of these samples 


revealed that palygorskite from different areas could indeed 
be differentiated compositionally (Arnold et al., 2007). The data for 
this study were published in Cecil (2010). , 


3. Methods and techniques 
3.1. Analyses of palygorskite 


In order to confirm the compositional differences between the 
sources of palygorskite identified in samples collected between 
1965 and 1984 (Arnold et al., 2007) with a larger sample and 
compare these data with Maya Blue, Arnold and Bohor collected 
palygorskite (N = 154) from five source areas in Yucatan in 2008 in 
order to characterize the composition of each location (Arnold and 
Bohor, 2009). Other sources were examined, but none contained 
enough palygorskite to account for the extensive use of Maya Blue 
at Mayap4n, and produce the 4 m layer of blue sediment at the 
bottom of the sacred cenote at Chichén Itzá (Fig. 1). 

Forty-three samples of palygorskite were collected from the 
interior of the Sacalum cenote, with most coming from the mine 
itself. The remaining samples (N = 111) were gathered from seven 
discrete mining areas at Yo’ Sah Kab, 3—5 km from Ticul (Fig. 1, 
Arnold, 2008: 191—220; Amald and Bohor, 2009). This mining area 
has changed greatly since Arnold first studied it in 1965. Because 
the forest reclaims abandoned mining and preparation areas as 
activity moves from location to location, one year’s mines are 
a future year’s forest. When Arnold and Bohor returned to Yo’ Sah 
Kab in 2008, for example, a new asphalt road and new mining areas 
produced a greatly altered landscape that was largely unrecogniz- 
able compared to the years since 1965. Furthermore, a new mining 
area has developed nearer the village of Chapab since the early 
1990s (Fig. 1, Arnold, 2008: 191—220). 

Palygorskite samples were analyzed by LA-ICP-MS and X-ray 
Fluorescence (XRF). In addition, 40 of the samples were analyzed by 
X-ray Diffraction (XRD) and confirmed that sak fu'um collected from 
Sacalum and Yo’ Sah Kab were palygorskite. Bohor also collected 
and analyzed another 13 samples of sak lu'um samples that were in 
situ in the deposits (Fig. 2, Online Table S1, Figs. S1—S8). Both sets of 
samples also contained other minerals such as smectite (mont- 
morillonite) that was also found in temper samples from Yo’ Sah 
Kab collected in the late 1960s (Arnold, 1967a, 1967b, 1971). Ina few 
samples, palygorskite was a secondary component (Online Fig. $9). 

The LA-ICP-MS data were generated by the Institute for Inte- 
grated Research on Materials, Environments and Society Archaeo- 
metry Lab (IIRMES) at California State University at Long Beach on 
an Agilent (HP) 4500 Quadrupole ICP-MS, with a New Wave UP-213 
Laser-Abiation System used for sample introduction (Online 
Table 52). The LA-ICP-MS data were calibrated to parts per million 
using National Institute of Standards and Technology (NIST) glass 
standards (NIST 610, 612, 614), Little Glass Buttes obsidian 
(Glascock, 1999), and Ohio Red clay (Kuleff and Djingova, 1998), and 
involves fitting standardized concentrations (ratios to silicon) in 
the standards to standardized counts (ratios of raw counts to raw 
silicon counts). The approach is similar to that used by Gratuze 
(1999) and described by Speakman and Neff (2005), except that 
multiple calibration standards are used and a least-squares line is 
fit to the standards data. 

The NIST standards are all soda-lime glasses with varying levels 
of spiked trace and minor elements. The trace element values of 
NIST 610 are far higher than most natural materials, so IIRMES 
prefers to use the lower-concentration ones, too (i.e. NIST 612, 614). 
Little Glass Buttes obsidian comes from a highly homogeneous 
source in Oregon (Glascock, 1999), and was provided by Missouri 
University Research Reactor (MURR). Ohio Red Clay is commercial 
clay from Ohio (Kuleff and Djingova, 1998). 


| 
| 


DE. Arnold et al. / Journal of Archaeological Science 39 (2012) 2252-2260 2255 


ne 


20 
Two-Theta (deg) 


Fig. 2, Combined X-ray diffraction (XRD) patterns of samples of sak lu'um from all locations that were collected in situ in Sacalum (No. 3-4: from the mine in the cenote; No. 5: from 
the thin band in the cenote wall), from six different mining locations at Yo' Sah Kab (No, 6—10; near Rancho San Juan, and locations B, Ci, C2, SC, D), near Chapab (No. 1 and 2: 
locations A1 and D), along the Muna-Maxcanú highway near the Oxkintok turn off (No. 13), and in the rail cut near Maxcanu (No. 12). Although samples 12 and 13 appeared to be 
palygorskite in the field, they were not. Sample 12 came from a deposit that contained palygorskite in 1968 (Bohar, 1975). 


As a bulk-analysis check on the compositional patterning of 
LA-ICP-MS, 141 samples were also analyzed by XRF at I[RMES using 
a Bruker AXS handheld XRF spectrometer (Online Table $3). 
Because not all elements have good calibration and all elements 
cannot be analyzed by XRF, the XRF device was set to have a low 
background in the region where elements already identified as 
being important for discriminating palygorskite sources, such as 
yttrium, rubidium, zirconium, strontium, and niobium, could be 
determined with reasonably good reliability. 


Table t 


3.2. Analyses of Maya Blue 


The Maya Blue samples came from two locations: The Field 
Museum and the ITRMES Lab. The Field Museum Maya Blue samples 
came from pottery that was originally collected by Edward H. 
Thompson at Chichén Itzá (Fig. 1) when he excavated the Grave of 
the High Priest in 1897, and from a bowl recovered during dredging 
of the sacred cenote in 1904 (Thompson, 1938; Table 1). The 
material from the Grave of the High Priest was acquired by the Field 


Descriptions and provenience data of Maya Blue samples analyzed by LA-ICP-MS from the collection in the Field Museum. All were collected by E. H. Thompson at Chichén Itzá; 


most are from the Grave of the High Priest (Thompson, 1938, 24, 35 (Fig. 16f), 49). 


Object Description Accession number Accession Notes 


number year 
48145 Partially Restored Tripod 302 1897 Maya Blue over red slip (band of Maya Blue on interior of bowl). Grave fot. 
Bowl 
48158 Blue and Red Restored 462 1897 Maya Blue over red slip both on outside and inside of bowl (16 cm in diameter and 6.7 cm high). 
Tripod Cup Incised grater on bottom of bowl. No change in the angle between base and side; semi-globular. 
Grave 6 in the shaft (Thompson, 1938). 
48162 Partially Restored and 462 1897 Maya Blue on exterior of bowl over red slip. Interior not incised, Grave lot. 
Restorable Tripod Bow] 
48166 Mass of Potter's Clay 462 1897 
189262 Copal From Bowl 1969; Peabody 4932 Recovered from Sacred Cenote in 1904. Vessel and copal illustra Arnold et al. (2008) and with 
Museum Number: other such bowls in Coggins and Ladd (1992: 346, 2nd row, 4th vessel.) 
4836 
48168 Plaster with blue/green 462 1897 


paint 
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Museum when J. E. S. Thompson was a curator of anthropology, and 
the bowl recovered from the cenote was traded to the Museum by 
the Peabody Museum of Anthropology in 1932 (Thompson, 1938). 

These Maya Blue samples were analyzed using the Field 
Museum's on-site LA-ICP-MS equipment using a technique similar 
to that of IIRMES except that the Field Museum analyses used NIST 
Standard 610 and Brick Clay (Dussubieux et al., 2007; Online 
Table 54). Because of the thinness and irregular thickness of the 
Maya Blue layer on the vessel, it was impossible to avoid ablating 
a lime-rich undercoating that potters placed on the vessel before it 
was painted with Maya Blue. 

Maya Blue samples from IIRMES originally came from the Maya 
site of Palenque (Fig. 1), and have no provenience information. They 
were analyzed in 2005 on a GBC Optimass time-of-flight (TOF) 
ICP-MS (Online Table $5). The TOF can collect signal intensities 
much more rapidly than the quadrupole, and is more effective for 
analyzing pigments that may be destroyed by ablation before the 
analysis is complete. 


3.3. Results of the palygorskite analyses 


Our analyses confirmed the pattern that emerged from the 
earlier analyses of palygorskite: samples from Sacalum and Yo’ Sah 
Kab could be differentiated from one another and also from other 
sources (Arnold et al., 2007). The composition of the Sacalum 
samples is distinct from most of the Yo’ Sah Kab samples and from 
virtually all of those that came from a mining area nearer to Chapab 
(Figs. 3-5; Arnold, 2008: 191—220). This latter group was desig- 
nated as ‘Chapab’ in Figs. 3—7, but in reality, this area was still 3 km 
from the Chapab source used in the previous study (Arnold, 2008: 
191—220; Arnold et al., 2007). 

Bivariate plots of the concentrations of several elements were 
generated, but only a few could differentiate the distinct cultural 
and behavioral sources of palygorskite. The chemical element, 
yttrium, is a major contributor to the principal axis of variation in 
the compositional data, and it is the most reliable discriminator of 
Sacalum from other sources (Figs. 3—5). The composition of the Yo’ 
Sah Kab samples is quite variable compared to Chapab and Sacalum 
{Arnold et al., 2007), and those from the Sacalum cenote varied 
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Fig. 3. Yttrium and vanadium log concentrations in palygorskite and Maya Blue 
pigment samples, as determined by LA-ICP-MS. Ellipses represent 90% probability of 
membership in the groups. In this diagram, ‘+’ are the samples from Yo' Sah Kab, ‘O° 
are the samples from Chapab, ‘a’are the samples from the thin layer of palygorskite in 
the wall of the Sacalum cenote (‘Sacalum-1'), and ‘A’ are the samples from the mine in 
the Sacalum cenote. Samples marked ‘$’ are samples from the Field Museum, and 'X' 
are samples of Maya Blue from TRMES. 
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Fig. 4. Yttrium and chromium log concentrations in palygorskite and Maya Blue 
pigment samples, as determined by LA-ICP-MS. Ellipses represent 90% probability of 
group membership. in this diagram, ‘+’ are the samples from Yo’ Sah Kab, ‘©’ are the 
samples from Chapab, ‘a‘are the samples from the thin layer of palygorskite in the 
wall of the Sacalum cenate (‘Sacalum-1'), and ‘A’ are the samples from the mine in the 
Sacalum cenote. Samples marked ‘¢’ are samples from the Field Museum, and 'x’ are 
samples of Maya Blue from IIRMES. 


more than those collected there in 1967 and 1968 (Arnold et al., 
2007). Most of the new samples fall within the high-yttrium 
main Sacalum group. A smaller group, Sacalum-1, came from the 
thin band on the cenote wall and displays yttrium values consistent 
with Yo’ Sah Kab, but with higher vanadium and chromium (Figs. 3 
and 4). X-ray Florescence (XRF) data confirm the distinctiveness of 
this group from both the main Sacalum group and the Chapab and 
Yo’ Sah Kab groups (Figs. 6 and 7). 


3.4, Results of the Maya Blue analyses 


We compared the analyses of the palygorskite samples to the 
LA-ICP-MS analyses of Maya Blue samples (N = 9) that came from 
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pigment samples, as determined by LA-ICP-MS. Ellipses represent 90% probability of group 
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Fig. 6. Yttrium and vanadium log concentrations in palygorskite samples, as deter- 
mined by XRF. Ellipses represent 90% probability of group membership, In this 
diagram, ‘+’ are the samples from Yo’ Sah Kab, ‘O" are the samples from Chapab, ' a’ 
are the samples from the thin layer of palygorskite in the wall of the Sacalum cenote 
(‘Sacalum-1'), and ‘A’ are the samples from the mine in the Sacalum cenote. 


Palenque (already present in the IIRMES lab, N = 3), and from 
artifacts in the collection of the Field Museum of Natural History 
(Thompson, 1938; N = 6). Two of IIRMES samples were replicated 
four times and one was replicated three times, The resulting 17 data 
points were plotted with the palygorskite. 

The analyses of Maya Blue fall within the same range of variation 
as the palygorskite on many projections of the data (Figs. 3—5). 
Seven of the nine Maya Blue samples show a high-yttrium 
composition consistent with the Sacalum source. Six of these 
samples came from Chichén Itzá and one came from Palenque. Two 
of the samples from Palenque had lower yttrium composition, 
characteristic of Yo’ Sah Kab, Three of the four replicates of one of 
the low-yttrium Maya Blue IIRMES samples from Palenque, 
however, are high in chromium, consistent with the composition of 
the palygorskite sampled from the thin layer in the wall of the 
cenote (called Sacalum-1), Furthermore, all Maya Blue data points 
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Fig. 7. Yttrium and rubidium log concentrations in palygorskite samples, as deter- 
mined by XRF. Ellipses represent 90% probability of group membership, In this 
diagram, ‘+' are the samples from Yo’ Sah Kab, ‘o" are the samples from Chapab, ' A 'are 
the samples from the thin layer of palygorskite in the wall of the Sacalum cenote 
(‘Sacalum-t'), and ‘A’ are the samples from the mine in the Sacalum cenote. 


fall along the yttrium—lanthanum correlation line defined by the 
Sacalum group (Fig. 5). Thus, seven of the nine samples of Maya 
Blue (three from Chichén Itzá and one from Palenque) are best 
matched to Sacalum, and two others (from Palenque) could be from 
Sacalum, Yo’ Sah Kab, or some other northern Yucatán source. 
Consequently, it appears that ail of our Maya Blue samples from 
Chichen Itz4 were made with palygorskite from Sacalum whereas 
the palygorskite in the Palenque samples came from Sacalum, Yo' 
Sah Kab, or some other source. 


4. Discussion 
4.1. Other sources of palygorskite 


Were there other sources of palygorskite mined to produce 
Maya Blue in addition to the Sacalum and Yo’ Sah Kab sources? The 
genesis of palygorskite from volcanic ash suggests that palygorskite 
may be widespread in Yucatán, Our research and that of others 
(Kysar Mattietti et al., 2008) have indicated that palygorskite comes 
from the alteration of volcanic ash because of the presence of a suite 
of volcanic minerals in these clays consisting of beta-quartz-form 
crystals (Fig, 8), euhedral zircons (Fig, 9), apatite (Fig. 10), and 
sanidine (high-temperature feldspar, Fig. 11) that were separated 
from the basal portion of the bed at Yo’ Sah Kab. Along with the 
tabular nature of the bed and its widespread occurrence, this 
uniquely volcanic mineral suite identified earlier from other altered 
volcanic ash beds (Bohor and Triplehorn, 1993), contributes strongly 
to this conclusion, The presence of a small amount of the clay 
mineral smectite in some of the samples indicates that this mineral 
probably developed from palygorskite during post-depositional 
weathering, as suggested by Krekler et al, (2005). The palygorskite 
itself formed directly from alteration of the volcanic glass in a high- 
magnesium, shallow-water environment, as may occur in front of 
fringing reefs, like those exposed along the Ticul fault scarp near 
Maxcanu (Bohor, 1975). 

Volcanic ash may alter into different types of clay minerals 
depending on depositional conditions and original magmatic 
compositions. Palygorskite formation seems to be uniquely associ- 
ated with high-magnesium marine environments and possibly 


Fig, 8. SEM micrograph of slightly rounded beta-quartz crystal, one of the volcanic 
minerals from the base of the palygorskite layer in the roadside mining area across 
from Rancho San juan at Yo' Sah Kab near Ticul. Bar scale in lower right is 25 p. 
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Fig. 9. SEM micrograph of zircon, one of the volcanic minerals from the base of the 
palygorskite layer in the roadside mining area across from Rancho San Juan at Yo' Sah 
Kab near Ticul. Bar scale in lower right is 25 p. 


high-magnesium source magmas, Therefore, mineralogical identi- 
fication of what appears to be palygorskite from new sources should 
supplement analyses of elemental composition by INAA, XRF, or 
LA-ICP-MS. Because of the widespread nature of volcanic ash-falls, 
other sources of palygorskite used in Maya Blue may yet be found, 
as Cecil (2010) suggested for the Petén region of Guatemala. 

Despite its potential accessibility, the ancient Maya did not 
necessarily have widespread access to palygorskite deposits. 
Possible ancient sources of the mineral need to be understood in 
relation to the ancient Maya landscape, rather than to a cultural 
environment altered by modern technology. The contemporary 
landscape is not analogous with the ancient one. All other sources 
besides Sacalum and Yo’ Sah Kab have been exposed in road and 
railroad cuts using technologies not possessed by the ancient Maya, 
such as explosives, heavy machinery, and metal tools (Arnold, 
2005). Without such modern technology, sources of palygorskite 
would have been restricted to more accessible locations like Saca- 
lum and Yo’ Sah Kab. 

Although palygorskite has been reported from several other 
locations on the Yucatan peninsula (Arnold et al., 2007; Isphording, 


Fig. 10. SEM micrograph of apatite, one of the volcanic minerals from the base of the 
palygorskite layer in the roadside mining area across from Rancho San Juan at Yo' Sah 
Kab near Ticul. Bar scale in lower right is 25 p. 


Fig. 11. SEM micrograph of sanidine, one of the volcanic minerals from the base of the 
palygorskite deposit in the roadside mining area across from Rancho San Juan at Yo’ 
Sah Kab near Ticul. Bar scale in lower right is 25 p. 


1984; Krekler and Kearns, 2009; Kysar Mattietti et al., 2008; Pablo- 
Galan, 1996; Sanchez del Río et al., 2009), these deposits are 
relatively small, and the palygorskite there does not exist in suffi- 
cient quantities to use for pottery temper, treatment for illness, or 
to produce Maya Blue. Sacalum and Yo’ Sah Kab thus are not just 
sources of palygorskite used by the ancient Maya, but rather 
they are unique because they are the largest, most abundant, and 
most accessible deposits known, and inhabitants of Sacalum and 
Ticul potters recognize palygorskite (sak lu’um) as a distinct cultural 
category. Both sources are associated with unique linguistic, 
ethnographic, ethnohistoric and/or archeological data, giving these 
locations a special sense of place (Arnold, 2005). 


4.2. What moved? the pigment, knowledge of how 
to make it, or palygorskite? 


Did the pigment itself move, or was the knowledge of how to 
make it disseminated? Shepard and Gottlieb (1962) believed that 
Maya Blue was widely traded from a source on the Yucatan 
Peninsula because its copious use on pottery intended for house- 
hold ritual at Mayapan indicated a local source. Since Mayapan is 
only 20 km from Sacalum and 25 km from Yo’ Sah Kab, Arnold 
{1967a, 1967b, 2005) and Arnold and Bohor (1974, 1975) sug- 
gested that Sacalum and Yo' Sah Kab were the sources for the Maya 
Blue used in Mayapan. 

It now appears, however, that both the palygorskite and the 
knowledge of how to make it moved, perhaps in separate spheres. 
The discovery of palygorskite and indigo together on the base of an 
incense burner dredged from the sacred cenote at Chichén 
Itzá (Arnold et al., 2008) suggests that the palygorskite itself was 
transported (by trade or pilgrimage) and that Maya Blue was 
created during the ritual of burning copal incense at sacred loca- 
tions, Consequently, it appears that palygorskite was mined at 
Sacalum (and perhaps Yo’ Sak Kab), transported to Chichén Itza, 
and then heated with indigo when the ancient Maya priests burned 
incense. Since chemical bonding of the indigo and the palygorskite 
is accomplished by heat, and Maya Blue occurs on balls of copal 
elsewhere (in Chichén Itzá, Tikal and in Central Mexico), burning 
incense with indigo and palygorskite appears to be one way of 
creating the pigment (Arnold et al., 2008) just as Cabrera Garrido 
(1969) first hypothesized. 
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The restriction of Maya Blue to ritual and elite contexts of 
pottery, offerings, balls of copal, sculpture and murals indicate that 
it was an elite and highly valued pigment in Maya art, society and 
religion. Access to it was either constrained by a limited number of 
sources of palygorskite and/or by the knowledge of how to produce 
Maya Blue. Indeed, the spatially limited sources for the clay may 
have enhanced its value. Its medical use among the Maya in the 
recent past and in the late prehistoric period (Arnold, 1967a, 1967b; 
Folan, 1969) implies that the knowledge of how to make it was also 
restricted and known only by ritual and/or curing specialists, 


5. Conclusion 


Our awareness of contemporary Maya indigenous knowledge 
about palygorskite and its extraction prompted a stream of research 
demonstrating that their Prehispanic ancestors obtained the 
mineral from the same sources and used it in their production of 
Maya Blue. We also ascertained that knowledge of palygorskite has 
survived to the present, revealing that it has at least seven centuries 
of time depth. This recognition of retained knowledge has provided 
another means to examine Maya social and economic relationships 
over time by tracing the movement of palygorskite used in the 
production of Maya Blue from specific sources. More generally, our 
studies have illustrated that analytical investigations of ancient 
materials are enhanced by the contemporary indigenous knowl- 
edge of these materials. Such an approach may also yield testable 
hypotheses about other lost technologies once employed by ancient 
peoples. 

Like the ethnomineralogy of Maya potters in Ticul (Arnold, 
1971), the ancient Maya did not possess detailed scientific knowl- 
edge of the chemistry and clay mineralogy of palygorskite. But they 
did hold impressive practical wisdom based upon their awareness 
of, and experience with, the physical properties of their materials 
and their uses. In the case of Maya Blue, creating it was likely the 
domain of ritual specialists who originally, and perhaps unknow- 
ingly, combined two curative components (indigo and palygorskite) 
that the Maya used for medicinal purposes (Arnold, 2005; Arnold 
et al., 2008), resulting in a pigment that symbolized the healing 
of a parched land through rainfall (water). 

The use of modern indigenous knowledge in discovering ancient 
sources for the palygorskite used in Maya Blue thus provides an 
important lesson for those who study ancient technologies: 
although important, the physical science techniques alone do not 
provide a sufficient understanding of those technologies and the 
indigenous breakthroughs that sparked and fostered them (Arnold, 
2005). Those technologies do not exist in isolation, but are 
embedded socially within specific cultural, environmental, and 
historical circumstances. As with the ethnobotanical and ethno- 
pharmacological searches for new medical cures and drugs, the 
contextual information that comes from archaeology, ethnohistory, 
and ethnography is critical to understand past technological 
breakthroughs and the logical courses that indigenous peoples took 
in developing these innovations. 
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